. This and other evidence 3 also indicate that, compared with most of the cortex, the frontal region tends to be in a greater state of rest when this sleep EEG activity is evident, especially as this delta activity is most evident in the frontal region, particularly during the first non-rapid eye movement (NREM) period. 4, 5 To date, and with respect to normal wakefulness, there are few findings pointing to potential waking EEG markers that might be linked to this subsequent delta activity in sleep. Recent clues to this possibility come from a sleep-deprivation study 6 that reported a positive correlation between the rate of increase in broad band theta (5-8 Hz) activity during prolonged wakefulness and subsequent delta activity (0.75-4.5 Hz) during the first NREM period, with the effect being greatest for the frontal region. 7 In sum, and for the frontal cortex during the first NREM period, the particularly intense delta EEG activity may be linked to some form of recovery from wakefulness, as reflected by waking theta activity.
importance of less-than-1-Hz activity in sleep comes from our own findings 11 in healthy 60-to 75-year-olds, where left frontal 0.5-to 1.0-Hz activity in the first NREM period was significantly and positively correlated with waking performance on neuropsychologic tests (eg, nonverbal planning and verbal fluency) that are particularly sensitive to left prefrontal cortical function. We found no such association for the right frontal and left and right parietal-occipital regions.
Under normal sleep-wake conditions, and comparing frontal with parietal-occipital regions, we explored the extent to which waking EEG frequencies in the typical theta range are associated with less-than-1-Hz activity in the first NREM period. This was not a study of sleep homeostasis, but of state changes in the EEG related to putative cerebral work versus rest, ostensibly due to an underlying "trait" in the EEG.
Much of sleep research is concerned with young adults, and, in contrast, our laboratory has been studying healthy older (60-to 75-year-old) people instead. 11, 12 In the current study, we recruited similar people, although we stress that this is not a comparative study of aging. To minimize aging effects, we utilized a relatively small age range of 60-to 75-year-olds. However, healthy aging does lead to shifts in certain EEG frequencies and a decline of EEG power, especially with delta amplitude during sleep 13, 14 and from the frontal area. 15 Nevertheless, this delta activity is still quite evident in older people.
The present study forms part of a larger investigation 11 centering on neuropsychologic performance in relation to the sleep EEG. This study concentrates on the waking EEG, with new data linking this to NREM 0.5-to 1.0-Hz activity, and with particular reference to the frontal region.
METHOD Participants
Twelve people (6 men: mean age, 67.9 years; 6 women: mean age, 66.6 years; range of all 12 participants, 61-75 years) were recruited from the University of the Third Age. They were right-hand dominant (determined by the Edinburgh Handedness Inventory 16 ) and screened to exclude those with other than minor illnesses, who were overweight, or were taking medications other than anti-inflammatory agents (eg, those on β-adrenergic receptor-blocking agents, antidepressants, and hypnotics were debarred). Their eyesight and hearing (with or without glasses or hearing aids) was satisfactory. They underwent a sleep screening procedure to exclude those with possible sleep disorders and excessive daytime sleepiness (Table 1 ). All subjects underwent overnight EEG recordings (see below), which also acted as a final screening for abnormal sleep disturbance.
Participants were paid for their involvement. The study was approved by our University's Ethical Committee.
Design and Procedure
Sleep EEG recordings (see below) and electrode application were undertaken at home for 2 nights, on weekdays, 5 to 7 days apart. Home rather than laboratory recording was utilized because our participants preferred to be at home. We have previously found that older people can become apprehensive about sleeping away from home, in a laboratory setting, and that without extensive adaptation to the laboratory, their sleep is impaired. The first night was used for adaptation purposes. They retired to bed at their usual times, such that all bedtimes were between 11:00 PM and 12:30 AM, and all arising times were between 6:45 AM and 8:00 AM. Beyond 6:00 PM on the evenings of sleep recording, and on the days of other measurements (see below), participants abstained from consuming caffeinated drinks (including strong tea) and alcohol. Daytime EEG recordings were undertaken in the laboratory, between 10:30 AM and 11:00 AM, when participants felt at their daily most alert (see reference 11) and on days separate from the night of EEG recording.
Electroencephalogram Recordings
All EEG recordings were made with an ambulatory 8-channel polygraph (Embla AY, Flaga hf -Medical Devices, Reykjavik, Iceland). The EEG montage divided the cortex into quadrants as determined by Fp 1 -F 3 , Fp 2 -F 4 , O 1 -P 3 , O 2 -P 4 . Within participants, the 4 bipolar EEG interelectrode distances were the same. The EEG electrode impedances were maintained at less than 5 kOhm. High-pass digital filtering (using finite impulse response digital filters) was set at 0.3 Hz, which had little effect on activity greater than 0.5 Hz. Low-pass filtering was set at 40 Hz. The sigma-delta A/D converter used by the Embla EEG recording system has an anti-aliasing filter in front of the sigma-delta conversion. It has antialiasing filters before each decimation stage. The last anti-aliasing filter is set at 45 Hz when sampling at 100 Hz. The EEG data were sampled at 100 Hz and later spectrally analyzed in 30-second epochs, using eight 0.5-Hz bins for the delta range 0.5 Hz to 4.5 Hz. We concentrated on the first NREM period because it contains the largest portion of delta activity and is less problematic with regard to intervening wakefulness, compared with subsequent periods. This NREM episode was deemed to begin 10 minutes into the first period of uninterrupted (stage 1 and 2) sleep after lights out and to terminate at the beginning of the first indication of a greater than 30-second period of REM sleep. 20 This 10-minute criterion also excluded most slow eye movements because most participants were well into stage 2 sleep. 20 At least 95% of each participant's EEG data from the first NREM period was free of artifact (usually from the electromyogram [EMG]). Any bursts of muscle artifact (most were less than 5 seconds in duration) were edited out of all EEG channels equally.
As there can be marked individual differences in EEG amplitudes even within sex and age groups, we standardized these data to allow for comparison between participants. For each individual, and for the whole first NREM period (excluding the first 10 minutes), delta power (0.5-4.5 Hz) per channel was summated across all delta bins, with power for each 0.5-Hz bin expressed as a percentage of this total delta power. Although we specifically focused on 0.5-to 1.0-Hz activity, the full delta range up to 4.5 Hz was also used for comparisons.
For the daytime waking EEG recordings (these were on days separate from neuropsychologic testing Journey-think of the journey to the laboratory that morning 2
Yesterday-silently recall events 3
Experiment-silently recall everything over this present session 3 . There were no significant differences between the conditions. EEG refers to electroencephalogram.
for the other study, see reference 11), each participant, on a day when other participants were not present, arrived at the laboratory at 9:30 AM and had their actimeters downloaded and checked to ensure that their sleep had been satisfactory (no participant was rejected on this basis). They sat relaxed for 30 minutes for EEG electrode attachment, which used the same montage as that for sleep. They completed the Karolinska Sleepiness Scale and, for our purposes, required scores of at least 5 (ie, alert, no sleepiness) as a further assurance that they were alert. These EEG recordings commenced at 10:30 AM, with participants seated in a comfortable chair with a headrest in a sound-proof booth. They wore headphones and had 2-way communication with the experimenter. Under controlled conditions, a series of thinking exercises ensued. These were divided into 2 parts: 8 minutes of eyes-open tasks followed by 16 minutes of eyes-closed tasks. However, a pilot study had shown that the eyes-open conditions resulted in unacceptable levels of eye movement and EMG artifact (especially in the frontal channels), such that the EEG was not analyzable; thus, all the eyes-open data were rejected. Nevertheless, because the eyes-open activities (stare at a dot, mental nonverbal planning, spatial memory) helped participants to relax and settle down, these procedures were retained for this purpose.
Only the first minute of each of the 5 eyes-closed tasks ( Table 2 ) was used for EEG spectral analysis because, thereafter, unwanted movement artifact became more evident. The EEG filtering and sampling were as above, except that spectral analysis was in 5-second epochs, using twelve 1.0-Hz bins for the range 3.0 Hz to 15 Hz. Epochs containing artifact were identified, and the complete 60-second data set was rejected if there was more than 1 epoch of artifact. The number of participants providing the required maximum of 12 continuous 5-second artifact-free epochs per condition were Blank Mind, 12; Verbal Fluency, 12; Journey, 10; Yesterday, 9; Experiment, 10. For each of the 4 EEG channels, output from the spectral analysis was standardized by summating power from all 12 bins and expressing each bin as a percentage of this total power. Figure 1 shows the distribution of power over 4 theta-frequency bins (4-5 Hz, 5-6 Hz, 6-7 Hz, and 7-8 Hz), as well as for the remainder of the range (3-4 Hz; 8-15Hz), from the left frontal EEG. These are very similar for all the contrived-thinking tasks, and a repeated measures 2-way analysis of variance (ANOVA) (task vs frequency bin) was not significant. The other 3 channels also showed strong similarities between tasks, although, as might be expected, the distribution of power was a little different for the 2 parietal-occipital channels. In light of these findings, and within-subjects and channel, power per bin was averaged over all tasks to give a single relative value for each of the 4 theta bins. Data for each bin were compared with the respective 0.5-to 1.0-Hz data from the sleep EEG (see above), using Pearson productmoment correlation. Of the 4 correlations, only relative power for the 7-to 8-Hz bin was significant (r 10 = 0.67; P < .016), and only that for the left frontal EEG. This can be seen in Figure 2 . Partialling out age reduced this correlation somewhat (r 9 = 0.60; P < .05). A bivariate correlation between this 7-to 8-Hz activity and age was not significant. To control for the possible effects of the duration of the first NREM period, this was also partialled out, which marginally increased the correlation between wake 7-to 8-Hz and sleep 0.5-to 1.0-Hz activity (r 9 = 0.72; P = .012). For the other 3 channels, and for the first NREM period, no correlation between these 2 frequencies was significant (eyes closed: right frontal channel r = 0.35 ; left and right parietal-occipital: r < -0.15). Additionally, and for all channels, we checked 8-to 9-Hz and 9-to 10-Hz (alpha type) waking frequencies versus the 0.5-to 1.0-Hz data, given that these frequencies bordered those of interest. These correlations were all nonsignificant (8-9 Hz: r < -0.15; 9-10 Hz: r < -0.29). It is possible that these eyes-closed waking procedures were too artificial. When questioned about clearing one's mind of all thoughts, some participants found it a struggle to avoid intrusive thoughts, and it was not the particularly relaxing experience we anticipated. However, we have another source of waking thinking data from these participants that is more natural and relatively free of noise: the settling-down period at bedtime, from lights out prior to the appearance of distinct signs of sleepiness. Moreover, as this is from relaxed individuals, lying in their own beds in a darkened room, their EEG is virtually free of artifact. For these participants, 12 minutes was the common minimum time from lights out until the first appearance of distinct sleepiness (slow eye movements with loss of occipital alpha, as has been defined by Rechtschaffen and Kales 20 ). The sample of relaxed waking EEG we took for further analysis was the first minute from when the submental EMG fell to stabilized, relaxed, waking levels after lights out. Here, clean, artifact-free EEGs were obtained from all participants, and all 4 channels were analyzed as before.
RESULTS

Theta Power for the Contrived-thinking Eyes-closed Tasks
Relaxed, Night, Waking EEG
Correlations between the 4 theta-frequency bins and sleep 0.5-to 1.0-Hz activity (all 4 channels) again produced only 1 significant finding: with 7-to 8-Hz activity in the left frontal channel. Here, though, and as seen in Figure 3 , the correlation was much greater than for the contrived thinking (r 10 = 0.81; P < .001). Partialling out age led to a marginal reduction in this correlation (r 9 = 0.77; P < .01), as did partialling out the length of the first NREM period (r 9 = 0.79; P = .004). For comparison, this latter correlation within the right frontal channel was r = 0.14 (not significant).
Left Frontal EEG: 7-8 Hz activity for contrived thinking versus relaxed night waking
These 2 sets of data were significantly correlated (r 10 = 0.75; P < .01), as can be seen in Figure 4 . Partialling out age reduced this to r 9 = 0.64; P < .03. Correlations between contrived thinking versus night waking 7-to 8-Hz activities for the 2 parietal-occipital channels were not significant (r 10 = 0.46; P >.1), but it was just significant for the right frontal channel (r 10 = 0.62; P < .05).
Is 7-to 8-Hz activity just a "sleepy" EEG ?
To assess whether this particular theta activity is simply indicative of sleepiness, we compared spectral analyses over the range of 3 to11 Hz for 2 separate, 3-minute periods: the 1-minute night waking sample described above, plus the 2 subsequent minutes, and the 3 minutes immediately before the first appearance of stage 1 sleep. 20 Comparison of the group mean spectral analyses of these 2 samples is shown in Figure 5 , using normal nonstandardized data. It is clear that, immediately before sleep onset, theta power indicative of sleepiness is predominantly in the lower (3-6 Hz) theta range, not with 7-to 8-Hz activity. A 2-way repeated measures ANOVA (conditions x 3 lowest bins) was significant for conditions (F = 8.45 [1,10] P < .017, ε=1.0), bins (F = 16.12 [2,20] P < .003, ε=0.52), and the interaction (F = 5.70 [2,20] P < .04, ε=0.51). One participant temporarily lost an EEG electrode at sleep onset, and these data were excluded from this particular analysis (ie, n = 11).
Statistical Artifact?-Another Independent Participant Sample
The association between waking 7-to 8-Hz and sleep 0.5-to 1.0-Hz activities for the left frontal channel may simply be a statistical artifact of multiple correlations. To address this issue, we took these same data from 8 other participants from the original, larger participant group 12 (see Introduction) from whom the 12 present participants were also drawn. These 8 people (4 men, 4 women; mean age, 67.7 years) had not undergone the contrived-thinking EEG measurements, and thus we only had their night waking and sleep EEG data. These were analyzed in exactly the same manner as for the 12 main participants. For these 8 people, the correlation between the night waking 7-to 8-Hz relative power and 0.5-to 1.0-Hz relative power in the first NREM period, was significant at r 6 = 0.81; P < .01. Similar comparisons for the other 3 channels were not significant (r < 0.36).
Thinking Activity After Lights out
A structured interview was carried out to determine the extent to which our participants 'thought' after turning the lights out. Responses varied from grandchildren to places visited during the day. None reported not thinking at all. Understandably, participants regarded this experience to be a more pleasant activity than was the contrived thinking in the laboratory.
DISCUSSION
In healthy older people, and during contrived thinking with the eyes closed, EEG activity in the 7-to 8-Hz range from the left frontal area was positively associated with 0.5-to 1.0-Hz activity during the first NREM period. Although the left frontal 7-to 8-Hz activity was more evident with eyes closed, this may have been due at least in part to a reduction in saccadic eye movement/blink contamination of the frontal EEG. Our attempt to induce a particularly relaxed form of contrived thinking, and thus a control condition, by asking the participants to clear their minds of all thoughts, was not the passive act we originally believed it to be. It requires active blocking of thoughts, which can be mentally demanding and can produce unwanted effects on the EEG. Other investigators 22 have also described how relaxed conditions during laboratory EEG procedures can be problematic. Of course, the extent to which our participants were thinking, as required, is a matter for speculation. The link between waking 7-to 8-Hz and sleep 0.5-to 1.0-Hz frequencies was more evident when individuals had settled down with eyes closed after lights out at bedtime and was also clearly demonstrated in a further subsample. The 7-to 8-Hz activity was not a manifestation of sleepiness, as the latter was largely reflected by elevations in lower-frequency theta activity. It should be noted that in the Manual of Sleep Stage Scoring, 20 sleepiness is indeed associated with low-and not highfrequency theta activity. Moreover, the EEGs we obtained from the left and right parietal-occipital regions did not reflect this 7-to 8-Hz waking/0.5-to 1.0-Hz NREM link, and the association for the right frontal region was only at borderline significance, at best.
If the NREM 0.5-to 1.0-Hz frontal activity reflects cortical reorganization or recovery from wakefulness (see Introduction), then its particular association with waking 7-to 8-Hz activity suggests that the latter represents some particular form of localized waking brain work. From a neuropsychologic perspective, and compared with the right frontal cortex, the left frontal area mediates a more integrative function across a variety of cognitive tasks, especially for most aspects of memory, 23 selfrelevant thought, 24 and more subtle aspects of linguistic comprehension. 25 Very recently, this same EEG waking activity has been found to be associated with working memory function 26 and unique to frontal areas. The authors of this work 26 went so far as to conclude that this frontal EEG activity played an "active role in memory maintenance." Interestingly, this specific frontal EEG activity seems also to have been identified some years ago, as kappa activity, and linked to more loosely termed "thinking," first identified by Kennedy et al 27 and later described in more detail by Chapman et al. 28 As our participants were specifically required to "think" during the contrived tasks, it is fair to assume that the frontal EEG we recorded was from an actively thinking brain. Of course, we cannot be so certain that they were thinking in the same manner after lights out, but this seems to be a reasonable assumption, as debriefing interviews support this notion (see Results). Given these various findings, then it might be prudent not to consider this waking frontal 7-to 8-Hz activity simply under the general rubric of theta (or even as "frontal alpha"), but to treat it as a more distinct EEG activity.
Furthermore, assuming that 0.5-to 1.0-Hz activity in sleep reflects cortical reorganization, then the more it is apparent in sleep, and the more it is preceded by waking 7-to 8-Hz activity, the more tantalizing is the possibility of a causal link between localized waking brain work and subsequent recovery during sleep.
Our method of EEG analysis centered on relative EEG power within participants and channels. This avoided possible sex and age differences (eg, in total EEG power) that are apparent when using absolute measures of EEG. 15 It should be noted that the significant findings we have reported were not at the behest of age, as partialling out this latter variable did not detract from the findings. However, given that healthy aging leads to well-known EEG changes in both frequency and amplitude and that our participants were over 60 years of age, it is likely that young adults, for example, will not show precisely the same wake-sleep frequency links as were found here. With regard to sex differences, the standardized values we used would have removed much of this variance, but it is possible that the sexes may vary with regard to the effect of the standardization procedure we adopted. However, owing to the small sample sizes for the sexes, it would have been unwise to partial out yet more variance.
It might be argued that our waking and sleep EEG data may have been confounded by more conventional sleep homeostatic factors based, for example, on other findings (as have been found by Finelli et al 6 ) that an increase in the rate of waking theta (eg, from 4 Hz to 7 or 8 Hz) is positively associated with total delta power during sleep. Inasmuch as our analyses examined more specific frequencies both in the sleep delta range and on the periphery of the waking theta range, it is difficult to speculate on the relevance of any homeostatic approach linking broadband waking theta and delta sleep EEGs. In contrast, we found that the majority of waking theta power (ie, 4-7Hz) was not associated with 0.5-to 1.0-Hz activity in the sleep EEG, that waking 7-to 8-Hz activity probably does not typify theta, and that the EEG link was only relevant to the first NREM period.
